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We present new 40Ar-39Ar plagioclase crystallization ages from the dykes exposed at the northern slope
of the Satpura Mountain range near Betul-Jabalpur-Pachmarhi area, w800 km NE of the Western Ghats
escarpment. Among the two plateau ages, the ﬁrst age of 66.56  0.42 Ma from a dyke near Mohpani
village represents its crystallization age which is either slightly older or contemporaneous with the
nearby Mandla lava ﬂows (63e65 Ma). We suggest that the Mohpani dyke might be one of the feeders
for the surrounding lava ﬂows as these lavas are signiﬁcantly younger than the majority of the main
Deccan lavas of the Western Ghats (66.38e65.54 Ma). The second age of 56.95  1.08 Ma comes from a
younger dyke near Olini village which cuts across the lava ﬂows of the area. The age correlates well with
the Mandla lavas which are chemically similar to the uppermost Poladpur, Ambenali and Mahabaleshwar
Formation lavas of SW Deccan. Our study shows that the dyke activities occurred in two phases, with the
second one representing the terminal stage.
 2016, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
The Deccan ﬂood basalts in India (Fig. 1) record extrusion of vast
amounts of basaltic magma in a relatively short time span (e. g.
Chenet et al., 2008, 2009; Renne et al., 2015; Schoene et al., 2015),
across the Cretaceous/Paleogene boundary (K/PB, age ca. 66.04 Ma;
Renne et al., 2013), although the major episodes of volcanic activity
occurred after the K/PB. Crookshank (1936) ﬁrst documented the
age and relationship of dykes, sills and lava ﬂows that occur on the
northern slopes of the Satpura Mountain. Basalts of the study and
adjoining areas (Fig. 1) were dated previously and the data are
summarized in Table 1. The K-Ar dating shows wide variation in
ages from 80 Ma (older) to 40 Ma (younger). However, the ages
determined by 40Ar-39Ar and 187Re-187Os methods are restricted to
63.6e68.6 Ma (Table 1). Similarly, lava ﬂows near Chindwara pro-
vide an age of 47.2  1.3 Ma by K-Ar method (Alexander, 1977).
However, these ages are not reliable because of inherent Ar loss.
The mean 40Ar-39Ar ages of the sills from the Takli lavas near
Nagpur and Chakhla-Delakhari region are 63.6  0.2 Ma andastava).
of Geosciences (Beijing).
eijing) and Peking University. Produ
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es, Geoscience Frontiers (20165.8  0.3 Ma, respectively (Shukla et al., 1988; Sen and Cohen,
1994). The ages given in Table 1 range from 63.6 to 68.6 Ma.
Baksi (1994) integrated age data with the magnetic polarity and
concluded that >80% of the basalt extruded in w1 Ma. These
studies further suggested that the Deccan magmas travelled to a
distance of w1000 km from their source through sub-crustal
conduit and intruded as feeder dykes and sills in the northern
slope of the Satpura Mountain.
Dykes form an important component of the magmatic
plumbing system of ﬂood basalt (Winter, 2001). The dykes that
occur in the western part of the Deccan volcanic province are
thicker as compared to their counterparts in the eastern part
(Fig. 1) (Kumar, 2010). The Narmada-Tapi dyke system is one of
the three major dyke systems in the Deccan volcanic province
(Deshmukh and Sehgal, 1988; Vanderkluysen et al., 2011) that
runs almost EeW and parallels to the Narmada Fault System
(NFS). Mahoney (1988) postulated an independent ﬁssure system
for the dykes found in the eastern Deccan volcanic province
(EDVP). The Narmada structure has a long and complex history
and is associated with the older, coeval, and younger igneous
activities of the main Deccan eruptions (Hooper, 1990). In the
northern part of the Narmada rift, the dykes of tholeiitic and
alkali compositions occur and they trend parallel to the Narmadaction and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-
st Deccan Trap dyke activities in the northern slope of the Satpura
6), http://dx.doi.org/10.1016/j.gsf.2016.04.001
Figure 1. Map (modiﬁed after Kumar, 2010) showing dyke locations in the Deccan volcanic province (green colour). Previous studies are shownwith bold numbers enclosed within
the parentheses. Dykes of this study are located within the grey area shownwith red colour. For the eastern Deccan volcanic province, the available age data on dykes located close
to the present study area are shown in numbers without parentheses. Work responsibility: (1) Hooper (1990); (2) Melluso et al. (1999); (3) Deshmukh and Sehgal (1988); (4) Sethna
et al. (1999); (5) Mahoney et al. (2000); (6) Subbarao et al. (1999); (7) Nair et al. (1996)*; (8) Bondre et al. (2006); (9) Ray et al. (2006); (10) Karmalkar et al. (1998); (11) Keshav et al.
(1998); (12) Shrivastava et al. (2008) shown in Fig. 2; (13) Kumar and Shrivastava (2009) shown in Fig. 2. *eBoundaries not deﬁned.
J.P. Shrivastava et al. / Geoscience Frontiers xxx (2016) 1e102Fault System. The absence of alkali composition from the main
basalt pile of tholeiitic lavas and much wider span of ages of the
dykes suggest that the Narmada dykes may not have acted as
primary feeders to the main tholeiitic eruptions in the south of
NFS (Hooper, 1990). However, ﬁeld relationships (Shrivastava
et al., 2008; Kumar and Shrivastava, 2009) show that the lava
ﬂows originate from w200 m thick Chakhla-Delakhari sill (CDS)
and dykes cut across the Gondwana and Precambrian rocks.
Maﬁc dykes and triple junction rifts are related to the mantle
plume and these dykes lie parallel to the NFS (Bhattacharji et al.,
1994). The three dimensional gravity model (cited Fig. 4;
Bhattacharji et al., 2004) indicates presence of isolated, convex,
high density, maﬁc bodies at an average depth of 6.5  0.6 km
from the surface with average thickness of 12.4  1.2 km along
the Narmada-Tapti rift zone. The eastern end of these maﬁc
bodies is marked by basic dyke clusters and swarms (Fig. 2), lie
parallel to EeW trending Narmada-Son and Tapti LineamentPlease cite this article in press as: Shrivastava, J.P., et al., Feeder and po
Mountain: Evidence from new 40Ar-39Ar ages, Geoscience Frontiers (201(NSTL). They often form apophyses. Several multiple, minor acid
and composite dykes spread over a large area (w300 km) of
Betul, Jabalpur and Pachmarhi in the eastern margin of the
Deccan volcanic province. These dykes are either related to off-
shoots of the maﬁc-ultramaﬁc bodies or independent dykes
having no connectivity with the maﬁc bodies. Bhattacharji et al.
(2004) suggested that the dyke activities which occurred in this
area were possibly connected with the sub-surface maﬁc bodies,
although their timing is uncertain. Therefore, to understand age
and age relationships of these dykes with the lava ﬂows, require
more 40Ar-39Ar data. Moreover, short duration of large-scale
eruption and chemical similarity of Deccan basalt over a large
area requires a detailed study of the feeder dykes, particularly
those dykes that lie close to the NFS. The 40Ar-39Ar age de-
terminations in this study are mainly focused on the basaltic
dykes occurring in the northern slope of the Satpura Mountain,
with a view to understand whether these dykes act as primaryst Deccan Trap dyke activities in the northern slope of the Satpura
6), http://dx.doi.org/10.1016/j.gsf.2016.04.001
Table 1
Published age data for dykes and lava ﬂows in vicinity of Betul-Jabalpur-Pachmari area of eastern part of the Deccan volcanic province.
Areas Locations Dykes/Lava ﬂows Samples Ages (Ma) Methods References
Satpura 17 Dyke X10 60.2  1.7, 63.1  1.6 K-Ar Agrawal and Rama (1976)
Satpura 18 Dyke X29 58.8  1.6 K-Ar
Satpura 19 Lava ﬂow X33 59.6  1.6 K-Ar
Satpura 20 Lava ﬂow X35 56.7  1.5 K-Ar
Panchmari 26 Dyke 6 61.3  2.0 K-Ar Alexander (1977)
Manpur 27 Lava ﬂow 7 50.8e62.5 K-Ar Karkare and Singh (1977)
Linga 1 Lava ﬂow 7510 B WR-74.9  2, Pl-108.5  3, Py-25.4  5 K-Ar Balasubrahmanyan and
Snelling (1980)
Sagar District, M.P 21,22 Lava ﬂow 1-5 50 1.6, 50 1.6, 45.7 1.5, 41.7 1.3,
54.1  1.8
K-Ar Alexander (1981)
23,24
25
Narm. Valley Dyke D (89NA18) 63.6  0.5 40Ar-39Ar Courtillot et al. (1988)
Linga 2 Lava ﬂow L Chemical similarity w 64 40Ar-39Ar Baksi (1994)
Tamia, M.P. 3 Lava ﬂow D 10 66.1  0.3 40Ar-39Ar Sen and Cohen (1994)
4 Lava ﬂow D 26 65.5  0.3 40Ar-39Ar
Nagpur 16 Lava ﬂow Flow 63.6  0.2 40Ar-39Ar Shukla et al. (1988)
NW of Dongargaon 5 Lava ﬂow AP 1012 63.9  0.5 187Re-187Os Allègre et al. (1999)
Dongargaon 6 Lava ﬂow AP 1014 65.3  0.3 187Re-187Os
7 Lava ﬂow AP 1025 66.3  0.8 187Re-187Os
8 Lava ﬂow Ap 1026 65.7  0.3 187Re-187Os
Nagpur 9 Lava ﬂow AP 1029 66.8  0.3 187Re-187Os
10 Lava ﬂow AP 1030 64.8  0.4 187Re-187Os
11 Lava ﬂow AP 1030 av 65.7  0.5 187Re-187Os
SW of Nagpur 12 Lava ﬂow AP 1031 66.0  0.4 187Re-187Os
SW of Nagpur 13 Lava ﬂow AP 1032 64.9  0.6 187Re-187Os
Jabalpur 14 Lava ﬂow AP 1106 68.6  1.1 187Re-187Os
15 Lava ﬂow AP 1106 av 67.2  1.0 187Re-187Os
Jhilmili 28 Lava ﬂow Lower and Upper lavas Chemically correlated with Ambenli
and Mahabaleshwar lavas
40Ar-39Ar Chenet et al. (2007); Keller et al.
(2008); Jay and Widdowson
(2008)
Mandla lavas of EDVP 29 Lava ﬂow PLB F12/S12 Pl-64.8 40Ar-39Ar Shrivastava et al. (2015)
30 Lava ﬂow SK F10/S10 Pl-64.41 40Ar-39Ar
31 Lava ﬂow BG F5/S5 WR-47.74 40Ar-39Ar
32 Lava ﬂow KWR F4/S4 WR-60.60 40Ar-39Ar
33 Lava ﬂow LC F1/S1 WR-61.38 40Ar-39Ar
34 Lava ﬂow NL F2/S2 Pl-63.99 40Ar-39Ar
35 Lava ﬂow MK6 Pl-65.18 40Ar-39Ar
36 Lava ﬂow MK2 Pl-63.51 40Ar-39Ar
Abbreviations: WR ¼ whole rock age data, Pl ¼ plagioclase ages, Py ¼ pyroxene ages and av ¼ averaged age data, Narm. Valley ¼ Narmada Valley, BG ¼ Barkhera Gauraiya,
KWR ¼ Khajurwar, LC ¼ Lakhandon-Chapara, MK2 ¼Matka South, MK6 ¼ Dhanwahi, NL ¼ Niwas-Ladhatola, PLB ¼ Patna-Longhatola-Badargarh, SK ¼ Sonebhadra-Kenochi.
Figure 2. Map showing present study area (between Betul-Jabalpur) and dykes (shownwith thick red lines) marked within the grey shaded area. Samples P7 and P18 (shownwith
black solid circles) were collected for 40Ar-39Ar age determinations. Abbreviation: CDIC (shown with dark green colour) e Chakhla-Delakhari Intrusive Complex.
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Figure 3. Field photographs showing dykes located (a) near Olini (sample P7) and (b)
Mohpani villages (sample P18) in Betul area. Chilled contact zones vary in thickness
from 3 to 8 cm lying between dyke and lava ﬂow marked in the photograph.
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of the Deccan basalt in this region.2. Field observations
About 23 dykes were mapped near Mohpani and Olini villages
(Figs. 2 and 3) (Table 2) in the Betul-Jabalpur-Pachamarhi area,
which lie within the limits of the NSTL [spread over w300 km2
and covered in the Survey of India toposheets (1: 50,000 scale)
55 G/9, G/10, G/11, G/13, N/8, N/14 and 64 E/8]. The dykes are more
or less linear, or somewhat curved, deﬁning T or Y shape. The
clusters and swarms of these dykes run parallel to EeW trending
NSTL (Fig. 1). Few dykes trending in NWeSE direction and cross-
cut EeW trending dykes (Fig. 2). The dykes display horizontal
joints (Fig. 3a) and generally narrow (broad at few places) (Fig. 3b)
chilled margins which are acidic in nature have abundant glass.
Minor dykes or dyke-lets also occur in this area. These dykes are
discontinuous at several places and branch out. The multiple
dykes, apophyses, composite dykes, minor acid dykes, and dyke-
lets are common in the area. Based on ﬁeld relationship, these
dykes have been grouped into two main categories (1) one group
cutting across the Deccan lava ﬂows (e.g. Betul and Jabalpur
areas), and (2) the second one cutting across rocks of the Barga,
Denwa and Jabalpur formations of the Gondwana Supergroup (e.g.
Pachmarhi area).Please cite this article in press as: Shrivastava, J.P., et al., Feeder and po
Mountain: Evidence from new 40Ar-39Ar ages, Geoscience Frontiers (2013. Analytical techniques
3.1. Sampling and preparation
As majority of the dyke samples are obliterated among the 23
dykes (Table 2), only two samples, P7 (2244.7060Ne7803.3310E)
and P18 (2135.450Ne7758.1070E) (located 1 km NE of Mohpani
and 1.5 km, NWof Olini villages, respectively) were selected for age
determinations. These two dykes contain least amount of greyish-
white or greenish grey alteredminerals. Most of the other dykes are
aphyric, glassy and highly altered, and were therefore not consid-
ered for age determinations. The Mohpani P7 dyke sample
(collected from a stratigraphic height of 355 m above sea level) is
greyish black, ﬁne to medium grained with abundant plagioclase
and tiny iron-oxide grains (laths 2e3 mm), whereas, the Olini P18
dyke sample (collected from a stratigraphic height of 623 m above
seal level) is ﬁne grained, hard, compact, and black, withmedium to
high speciﬁc gravity and abundant tabular plagioclase crystals.
Approximately, 500 g of the black, unaltered core part of the chunk
was chipped out from each of these two dykes. Samples selected for
age determinations were fresh, best crystallized and least weath-
ered as also conﬁrmed on the basis of thin section examination.
Samples were prepared for radiometric dating by crushing and
sieving to obtain a 0.1e0.5 mm size fraction. Plagioclase separates
from samples P7 and P18 were obtained using a Frantz iso-dynamic
magnetic separator. The whole rock crushed fractions were
retained from these samples. All the samples were ultrasonically
washed in a weak HNO3 solution, and then deionized water, and air
dried. Finally, plagioclase separates were hand-picked to obtain
clean aliquots for the analyses.
3.2. 40Ar-39Ar dating: experimental method
The prepared samples were wrapped in Cu-foil, and loaded in
quartz tubes for irradiation in the 1 MW TRIGA experimental nu-
clear reactors at Oregon State University, Corvallis, USA. Samples sat
near the central core of the reactor for 6 h in a ﬂux of fast neutrons,
which we monitored with FCT-3 biotite (28.201 Ma, Kuiper et al.,
2008). After cooling, the irradiated samples were loaded into an
all-metal, gas extraction line, with a chamber ﬁtted with a BaF
window. Each sample heated with a 10W CO2 continuous power
laser, in 10e12 temperature steps from 400 C to fusion. Gas
released at each step passed over several sets of Zr-Al getters before
analysis of Ar-isotopic composition (masses 35, 36, 37, 38, 39 and
40) with a MAP 215/50 mass spectrometer. Further details of
analytical procedures are described in Storey et al. (2007).
3.3. Age calculation and accuracy of the analyses
Ages of the samples were calculated using the Ar-Ar CALC soft-
ware (Koppers, 2002) in two ways. Age spectra were examined for
contiguous, concordant heating step ages comprising at least 50% of
the gas released. Plateau ages are the weighted mean (by inverse
variance) of ﬁve or more such concordant temperature steps and
represent between 92% and 100% of the total 39Ar released. Gener-
ally, these are simple age spectra with clear middle and high tem-
perature plateaus and commonly exhibit Ar-loss at low temperature
steps. Isochron ages, calculated from the slope of linear regressions
of 40Ar-36Ar vs. 39Ar-36Ar (“normal”) and 36Ar-40Ar vs. 39Ar-40Ar
(“inverse”) step compositions, agree well with the plateau ages and
initial 40Ar-36Ar ratios are within error of the atmospheric value
(295.5). Obtained ages have been reported with 2s analytical errors
(that include uncertainties the ﬂux gradient factor, J). In the age
dating experiments, a sample is heated in steps until all the argon is
released. The argon released in each step is measured to calculate ast Deccan Trap dyke activities in the northern slope of the Satpura
6), http://dx.doi.org/10.1016/j.gsf.2016.04.001
Figure 4. Photomicrographs showing textural features of the dyke samples collected from Betul-Pachmarhi-Jabalpur area. Slide numbers are marked on the top of the right hand
corner, whereas, sample numbers are marked on the bottom of the left hand corner of the photomicrographs. Abbreviations: OleOlivine, CpxeClinopyroxene, Plag/PlgePlagioclase,
MteMagnetite (iron oxides).
J.P. Shrivastava et al. / Geoscience Frontiers xxx (2016) 1e10 5“step age” (with an associated analytical error). The step ages (2s
errors) are plotted against the cumulative amount of 39Ar released
and the resulting ﬁgure is called an age spectrum (e.g., Fig. 5 aed P7
and eeh P18). When a reasonable number of consecutive steps
carrying a substantial amount of the total argon released give the
same age, the resulting average value is reported in this paper.
MSWD is F-statistic that compares the variance within step ages
with the variance of the plateau ages. Values less than about 2
indicate plateau ages are acceptable.4. Results
The dykes are phyric (plagiophyric, maﬁcphyric), sparsely phyric
and aphyric (Fig. 4). They display ophitic (Fig. 4a), sub-ophiticPlease cite this article in press as: Shrivastava, J.P., et al., Feeder and po
Mountain: Evidence from new 40Ar-39Ar ages, Geoscience Frontiers (201(Fig. 4b) and glomeroporphyritic textures (Fig. 4c). They contain
magnetite in the form of large euhedral to sub-hedral crystals
(Fig. 4d). Rounded grains of magnetite are also present. Iron-oxide
is surrounded by plagioclase and clinopyroxene crystals (Fig. 4d). In
most of the cases magnetite crystallized before the groundmass.
Olivine occurs in few dykes, although most of the grains are altered
(Fig. 4e). Olivine is absent in the dykes of the Betul area. Plagioclase
grains constitute 33e73% of the total volume. It occurs either as
large phenocrysts (Fig. 4e) or small grains as groundmass. Plagio-
clase phenocrysts are tabular in shape. However, small proportion
of plagioclase also occurs as interstitial phases (Fig. 4a). Plagioclase
feldspar in P2, P4, P10, P11 and P12 thin sections shows poly-
synthetic twinning with broad lamellae (>0.6 mm). Fine lamellae
(0.02 mm) are also noticed in P9, P14, and P17 dykes. Plagioclasest Deccan Trap dyke activities in the northern slope of the Satpura
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Table 2
Field data for 23 dykes exposed along the Narmada-Tapti lineaments.
Dykes Locations Altitude (m.a.s.l.) Strike Lithology
P1 N2224.0320
E7833.7470
606.55 EeW Melanocratic, grayish black, ﬁne to medium grained basalt containing small tabular
plagioclase minerals with shine present in grayish black groundmass.
P2 N2239.1420
E7841.2940
e EeW Melanocratic, dark gray, medium grained basalt containing small laths (1e2 mm) of
plagioclase, inﬁlling of quartz grains in the cracks, tiny rounded magnetite grains are also
observed, medium speciﬁc gravity.
P2a N2239.1190
E7841.4610
e EeW Melanocratic, black, medium grained basalt, small needles of plagioclase are embedded in
the groundmass having medium speciﬁc gravity.
P3 N2239.1040
E7841.5030
378.56 EeW Melanocratic, grayish black, medium grained basalt containing laths of plagioclase (2 mm)
and small rounded black magnetite grains in the groundmass.
P3a N2240.0860
E7841.0830
378.56 EeW Melonocratic, black, ﬁne grained basalt dykes, very small needles of plagioclase abundantly
present in the rock-mass, hard and compact, high speciﬁc gravity.
P4 N2224.0000
E7847.0000
e EeW Melanocratic, grayish black, ﬁne to medium grained basalt dyke samples contain shining
laths (1e4 mm) of plagioclase, medium speciﬁc gravity.
P5 N2222.6720
E7827.9410
561.44 EeW Grayish black, ﬁne to medium grained basalt having tiny plagioclase needles with shine
present in grayish black groundmass.
P5a N2244.5690
E7851.0610
358.75 EeW Leucocratic, gray, ﬁne grained basalt. Greenish altered olivine grains are frequently present
in the sample, medium speciﬁc gravity.
P6 N2244.7070
E7850.6930
358.14 EeW Melanocratic, gray, ﬁne grained basalt having ﬁne needles of plagioclase (<2 mm), medium
speciﬁc gravity.
P7 N2244.7060
E7850.6940
355.09 EeW Grayish black, ﬁne to medium grained basalt, plagioclase laths (2e3 mm) are present, tiny
iron-oxide mineral grains were observed.
P8 N2243.9890
E7803.3310
448.36 EeW Melanocratic, grayish black basalt, ﬁne grained, black tiny iron-oxide grains are present,
medium speciﬁc gravity.
P9 N2217.2480
E7752.9880
360.27 EeW Mesocratic, black, medium to coarse grained basalt where plagioclase laths are abundantly
present, small magnetite grains are also seen, high speciﬁc gravity.
P9a N2217.0780
E7753.6640
360.57 EeW Grayish black basalt, ﬁne to medium grained in appearance, small laths (1e2 mm) of
plagioclase present, medium speciﬁc gravity.
P10 N2222.2500
E7752.6980
368.80 EeW Black, ﬁne to medium grained basalt, highly plagiophyric having needle shaped
(5e6 mm) laths of plagioclase feldspar, tiny magnetite at some places, medium speciﬁc
gravity.
P10a N2222.1480
E7752.8390
356.92 EeW Leucocratic or light grey basalt, ﬁne grained, compact but hardness is low. Plagioclase
crystals are absent, low speciﬁc gravity.
P11 N2144.5460
E7753.7960
675.132 NEeSW Melanocratic, jet black basalt, ﬁne to medium grained rock having ﬁne needle shaped
plagioclase laths are abundantly. Rounded (2e3 mm) inﬁllings of secondary minerals such
as delessite and zeolite are present. Magnetite grains sparsely present. Medium speciﬁc
gravity.
P12 N2144.4910
E7753.5700
659.89 NNEeSSW Melanocratic or black basalt, ﬁne grained rock having ﬁne needles as well as tabular
plagioclase crystals shining in the groundmass, high speciﬁc gravity.
P13 N2143.4400
E7753.8150
656.84 EeW Melanocratic, brownish black basalt, ﬁne to medium grained rock having ﬁne plagioclase
needles ofw 4e5 mm size, sub-rounded crystals of magnetite are present. Medium speciﬁc
gravity.
P14 N2143.0320
E7753.5740
658.36 EeW Melanocratic, gray basalt, ﬁne grained rock having needles of plagioclase (<2 mm), tiny
magnetite at some places are present. Medium speciﬁc gravity.
P15 N2142.6860
E7753.0840
584.60 ENEeWSW Dark gray, ﬁne grained basalt with small rounded (diameter 1e2 mm) dark black magnetite
grains, embedded in the groundmass, small laths of plagioclase are also observed.
P16 N2135.9430
E7758.8110
598.93 EeW Melanocratic, black, medium grained basalt having small black sub-rounded crystals of
magnetite. Tabular laths (1e2 mm) and needles (<2 mm) of plagioclase are present in the
specimens. High speciﬁc gravity.
P17 N2136.0010
E7758.1240
644.34 EeW Melanocratic, black basalt, ﬁne grained in nature of the rock, small needles of plagioclase
present in the sample. High speciﬁc gravity.
P18 N2135.5450
E7758.1070
623.62 EeW Melanocratic, black basalt, hard, compact, ﬁne grained rock. Small tabular plagioclase grains
are present. Maﬁc minerals are present in sub-ordinate proportion. Medium to high speciﬁc
gravity.
P19 N2135.5450
E7758.1080
622.70 EeW Melonocratic, gray, ﬁne grained basalt. Few needles of plagioclase are observed. Tiny dark
brown rounded crystals of magnetite present in the groundmass. High speciﬁc gravity.
P20 N2151.0120
E7747.7110
e EeW Mesocratic, light black, ﬁne grained basalt. Plagioclase lath are embedded in the ﬁne grained
groundmass. Medium speciﬁc gravity. Certain amount of alteration is present.
P21 N2148.5470
E7744.4350
e EeW Mesocratic, light black in colour, ﬁne grained basalt. Plagioclase laths are present. Medium
to high speciﬁc gravity.
P22 N2307.990
E8120.000
e EeW Leucocratic, light grey basalt, brownish black rounded to subrounded ferromagnesian
minerals, small laths of plagioclase are present, alteration visible, medium speciﬁc gravity.
P23 N2239.990
E7952.200
e EeW Melanocratic, dark grey, ﬁne-grained basalt, small rounded (4e6 mm size) secondary
minerals (zeolite/quartz) are present as amygdales, speciﬁc gravity high.
e : data not collected.
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amount (w35% of the bulk) of plagioclase phenocryst is present in
P12 dyke. Most of the dykes contain <8% glass however; P8 sample
contains w36% of glass (by volume). Glass forms a signiﬁcant
component of the Jabalpur dykes, indicating rapid cooling of the
magma. Signiﬁcant variation in the glass content is noticed in
Betul-Jabalpur areas, but, it gradually decreases in the Pachmarhi
dykes. Pyroxene grains show variation in shape and size. Its pro-
portion varies from 12e55% (by volume). Polysynthetic twinning in
augite phenocryst is noticed in P9a sample. It is commonwith (001)
or occasional with (100) twin planes, where both the identical
halves of the augite phenocryst show different shades of interfer-
ence colours. Occasionally, zigzag intergrowth of augite is also
noticed in this sample. Compositional zoning in augite from core to
rim is observed in P9 dyke sample (Fig. 4f). Sector zoning or hour-
glass structure is conspicuous. Owing to preferential dissolution
within the (010) plane (Nixon and Pearce, 1987), several peripheral
sieve textures and internal zones of patchy extinction were also
noticed.
The analytical results are presented in Table 3, with total fusion,
plateau and normal isochron ages, and initial 40Ar-36Ar. The full
dataset of all Ar-data following the guidelines in Renne et al. (2009)
are presented as Appendix-1 (Supplementary Data). The age
spectra and the normal and inverse isochron plots are presented in
Fig. 5. An additional plot between K/Ca and cumulative 39Ar
released (Fig. 5) is based on the measurements of 39Ar-37Ar. Such
plot is useful in the interpretation of the compositional phase(s)
contributing to the release of Ar with increasing temperature in the
whole rock heating experiments. The plateau ages of
66.56  0.42 Ma and 56.95  1.08 Mawere obtained for P7 and P18
samples, respectively. Corresponding isochron ages are concordant
with the plateau ages and have atmospheric 40Ar-36Ar intercepts,
within analytical error. Thus, both plagioclase separates appear to
give reliable ages. The three plateau-deﬁning steps for dyke sample
P7 comprise less than 50% of the total gas released. The age spec-
trum for this sample indicates some effect of Ar-recoil at low
temperatures, possibly from clays that could not be removed from
cleavage planes. This is supported by higher K/Ca for these lower
temperature steps, which is consistent with clay compositions. We
interpret the results for dyke sample P18 in a similar way. Low
temperature steps produce older ages, ascertained by K/Ca value.
The variation in the K/Ca value is due to the clays present along the
grain boundaries. In this case, a well-developed plateau comprises
>80% of the total gas released. The age uncertainty for P18 sample
is compared with the P7 sample and it is possibly due to the lower
K-content of the former dyke sample. The uncertainty in case of P18
Olini dyke is possible. It may be either due to the consequence of
the recoil effect or the plagioclase under investigation was affected
by secondary activity causing some Ar loss.
5. Discussion
Courtillot et al. (1988) reported 40Ar-39Ar ages between 63.6 and
67.6 Ma for several dykes and lava ﬂows near the Narmada rift.
These ages match well with the 40Ar-39Ar ages (66.38e65.52 Ma,
Renne et al., 2015) and the U-Pb zircon ages (66.29e65.54 Ma,
Schoene et al., 2015) of the entire Western Ghat section. Sen and
Cohen (1994) determined 40Ar-39Ar ages for two basalt samples
from the CDIC that lie within the range of 63.6e67.6 Ma. They
assigned an age of 65.8  0.3 Ma for Chakhla-Delakhari sill, coeval
with the upper part of the Western Ghats section. Age data (Chenet
et al., 2007) when combined with chemical and stratigraphic cor-
relation (Jay andWiddowson, 2008; Keller et al., 2008) indicate that
the Deccan volcanism occurred between 63.6  0.2 and
68.6  1.1 Ma (Ar/Ar and Re/Os ages, Table 1). Recent 40Ar-39Ar agesPlease cite this article in press as: Shrivastava, J.P., et al., Feeder and po
Mountain: Evidence from new 40Ar-39Ar ages, Geoscience Frontiers (201of Shrivastava et al. (2015) from a stratigraphically controlled suc-
cession of 37 lava ﬂows of theMandla lobe (Fig. 6) show statistically
insigniﬁcant age difference (63e64 Ma) from bottom to the top.
They calculated a weighted mean age of 63.5  0.3 Ma which is
younger than the ages from Western Ghats section. The 40Ar-39Ar
age of 56.95  1.08 Ma for P18 Olini dyke post-dates Mandla lavas
(Shrivastava et al., 2015). Besides this, ﬁeld disposition also sup-
ports the idea as the dyke cuts across the immediately surrounding
lava ﬂows (Fig. 2). The age of a P7 dyke near Mohpani area is coeval
with the base of the Western Ghats section and indicates that the
dyke is somewhat older or contemporaneous with the surrounding
lava ﬂows (Ar/Ar and Re/Os ages, Table 1). Combined major and
trace elemental and Sr-Nd-Pb isotope studies (Vanderkluysen et al.,
2011) on EeWoriented dykes of the Narmada-Tapi region revealed
similarity with the Jawhar, Igatpuri, Thakurvadi and Bushe forma-
tions. Karkare and Srivastava (1990) suggested that the dyke
swarms represent tensional events preceding the main eruption
events of basaltic rocks and they are either linear or radial. Three-
dimensional gravity model (cited Fig. 4; Bhattacharji et al., 2004)
shows high-density maﬁc bodies at an average depth of
6.5  0.6 km from the surface with an average thickness of
12.4  1.2 km along the Narmada-Tapti rift zone. Vanderkluysen
et al. (2011) concluded that dykes of the Narmada-Tapi region
intruded under the inﬂuence of regional north-south and east-west
extension, but other dykes in the Narmada-Tapi swarm show
high-206Pb/204Pb characteristic of ﬂows in the far north-eastern
Deccan. Moreover, the Mandla lava ﬂows (Pattanayak and
Shrivastava, 1999; Shrivastava et al., 2014) are chemically close to
the uppermost Poladpur, Ambenali and Mahabaleshwar Formation
lavas of the SW Deccan, although younger. They are comparable in
age to volcanic rocks elsewhere in the Deccan (Widdowson et al.,
2000; Knight et al., 2003; Chenet et al., 2007; Cucciniello et al.,
2015). Kumar and Shrivastava (2009) discussed that the Betul-
Jabalpur and Tapti dykes show increase in sub-alkalis
(K2O þ Na2O) with the rise in the SiO2 contents and their data
plots conﬁne to the sub-alkalic array. The high ﬁeld strength ele-
ments of these dykes show close correlation with the dykes south
of the Tapti valley. Low Rb Ba and Sr contents in Betul-Jabalpur
dykes indicate that they are less contaminated than the other
dykes of Deccan volcanic province. The large-scale chemical simi-
larity in the major and trace element composition of the Betul-
Jabalpur and south of the Tapti valley dykes suggesting their
origin from a common magma type, possibly derived from the
fractionation of isolated high gravity maﬁc-ultramaﬁc igneous
bodies occurring 6e8 km below the surface, and trending parallel
to the Narmada-Tapti rift zone (Kumar and Shrivastava, 2009).
Vanderkluysen et al. (2011) discussed correlations between dykes
and stratigraphic formations and concluded that a few of the key
Deccan ﬂows perhaps reached up to w 550 km in the east-central
Deccan. Moreover, similarities between several dykes of the
Narmada-Tapi swarm and lavas of the Mandla lobe (Fig. 2) suggest
that this swarm perhaps fed some lava ﬂows that spread to the
northern and northeastern reaches of the province. Mishra (2008)
based on geological setting of dyke swarms established a close
relationship between extensional tectonics, decompression
melting, effusion of lava ﬂows and emplacement of dykes. Thus, it is
quite possible that the Mohpani dyke possibly acted as feeder to
surrounding lavas. At least two phases of dyke activities occurred in
this region. The former was contemporaneous with the formation
of lava ﬂows where these dykes possibly served as feeders. These
older dykes formed by single forceful injection are conﬁned to
lower lava ﬂows along the Narmada valley. The second age of
56.95  1.08 Ma is from P18 Olini dyke which is younger and cross-
cuts lower to top of the lava ﬂows and representing K/PB terminal
phase of Deccan activity in this area.st Deccan Trap dyke activities in the northern slope of the Satpura
6), http://dx.doi.org/10.1016/j.gsf.2016.04.001
Figure 5. Data from incremental heating experiments on two Deccan dyke samples (P7 and P18). In each set (aed and eeh) the upper left panel shows the age spectrum of
apparent step ages as a function of cumulative fraction of 39Ar released. The vertical width of the individual step indicates 2s error. Plateau age (calculated as the weighted mean of
concordant, contiguous heating steps) with the corresponding 2s uncertainty is shown with a horizontal bar. The upper right panel shows step K/Ca compositions, calculated from
measured 39Ar-37Ar, plotted against cumulative fraction of 39Ar released. The lower left and right panels display isotope correlation diagrams (40Ar/36Ar vs. 39Ar/36Ar “normal” and
36Ar/40Ar vs. 39Ar/40Ar “inverse”) for the steps that constitute the plateau, showing 2s error ellipses and the best-ﬁt regression line for each. Normal and inverse isochron ages (2s),
intercept values (initial 40Ar/36Ar, 2s) and MSWD are given.
Table 3
40Ar-39Ar incremental heating age determinations of Deccan basaltic dykes.
Samples Material Total fusion age (Ma) 2s error Plateau age (Ma) 2s error N MSWD Isochron age (Ma) 2s error 40Ar-36Ar initial 2s error J
P7 Plagioclase 67.80 0.42 66.56 0.42 3/10 1.57 66.89 0.56 274.53 24.30 0.00206419
P18 Plagioclase 62.29 1.53 56.95 1.08 6/9 1.62 53.14 2.95 303.29 5.73 0.00213519
Ages calculated using biotite monitor FCT-3 (28.201 Ma; Kuiper et al., 2008) and the total decay constant l¼ 5.530E-10/yr. N is the number of heating steps (deﬁning plateau/
total); MSWD is an F-statistic that compares the variance within step ages with the variance about the plateau age. J combines the neutron ﬂuence with the monitor age.
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Figure 6. 39Ar-37Ar age of a P7 dyke is plotted over the Time Scale of Gradstein et al.
(2012) and compared with the Mandla lava ages of the eastern Deccan volcanic
province as well as the main Deccan phase 2, 3 and K/PB. Symbols: Green triangle:
Present ages from dykes of the Satpura Mountains; Dark circle: Ages from Mandla lobe
(Shrivastava et al., 2015); upper formations (Mahabaleshwar, Ambenali) found in the
SW of the western sequence; Green circle: Ages (1) from Chenet et al. (2007), mean of
4 analyses, and ages (2) from Widdowson et al. (2000), mean of 4 analyses, and
Rajahmundry lava ﬂows in the SE, ages (3) from Knight et al. (2003), mean of 8
analyses.
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Our new and reliable age data on the Mohpani P7 dyke yield an
age of 66.56 0.42Ma, representing its crystallization age, which is
earlier to or contemporaneous with the nearby Mandla lavas. It is
evident that these dykes served as conduit of lava ﬂows, thus may
have served as feeders. The new age is also consistent with the
geochemical correlation of the Mandla lavas and with the upper-
most Poladpur, Ambenali and Mahabaleshwar Formation lavas of
the SWDeccan. The Olini P18 dykewith an age of 56.951.08Ma is
younger and represents the terminal stage of dyke activity.Acknowledgements
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